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Purpose: Exosomes are important “messengers” in cell-cell interactions, but their potential effects on palatal fusion are still unknown.
This study aimed to explore the role and mechanism of exosomes derived from palatal mesenchymal cells in epithelial-mesenchymal
communication during palatogenesis.

Methods: The expression of exosome marker CD63 and CD81 in palatal cells during palatogenesis was detected by immunofluor-
escence staining. After being purified from the supernatant of human embryonic palatal mesenchymal (HEPM) cells, exosomes
(HEPM-EXO) were characterized by nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM) and Western blot.
HEPM-EXO were co-cultured with human immortalized oral epithelial cells (HIOEC). The effects of HEPM-EXO on the cell
proliferation, migration, apoptosis and epithelial-mesenchymal transition (EMT) of HIOEC were evaluated. The proteins encapsulated
in HEPM-EXO were analyzed by proteomic analysis.

Results: The extensive expression of CD63 and CD81 in palatal epithelial and mesenchymal cells were continuously detected during
E12.5~E14.5, suggesting that exosomes were involved in the process of palatal fusion. The expression of CD63 was also observed in
the acellular basement membrane between the palatal epithelium and the mesenchyme in vivo, and HEPM-EXO could be internalized
by HIOEC in vitro, suggesting that exosomes are potent to diffuse through the cellular tissue boundary to mediate palatal cell-cell
communication. Exposure of HEPM-EXO to HIOEC substantially inhibited the proliferation and stimulated the migration of HIOEC,
but had no significant effect on cell apoptosis and EMT. Proteomic analysis revealed the basic characteristics of the proteins in HEPM-
EXO and that exosomal THBS1 may potentially regulate the cell behaviors of HIOEC, which needs further verification. Gene
ontology (GO) analysis uncovered that the proteins highly expressed in HEPM-EXO are closely related to wound healing, implying
a promising therapeutic opportunity of HEPM-EXO in tissue injury treatment with future studies.

Conclusion: HEPM-EXO mediated cell-cell communication by regulating cell proliferation and migration of oral epithelial cells
during palatogenesis.
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Introduction

The mammalian palate is a vital organ which separates the oral and nasal cavities. The palate forms from shelves of
mesenchyme covered by epithelium, wherein mesenchymal cells are derived from cranial neural crest cells of
ectoderm, and epithelial cells are derived from pharyngeal ectoderm.' The palatogenesis undergoes palatal shelf

outgrowth, elevation above the tongue, horizontal growth toward the midline and, ultimately, fusion with one another
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to form the intact roof of the mouth. After the palatal shelves meet, the palatal medial edge epithelial (MEE) cells are
removed to achieve mesenchymal confluence.” The removal of palatal MEE cells is critical and essential for palatal
fusion, which would otherwise result in cleft palate,3 one of the most common birth defects.* In addition to signals
from the epithelium itself, mesenchymal signals also can regulate epithelial cell behaviors that contributes to MEE
degeneration. For instance, the deficiency of palatal mesenchymal Smo function results in compromised palatal
epithelial cell proliferation.” In addition, mesenchymal Msx1 regulates the expression of BMP4, which regulates the
epithelial Shh expression.® Epithelial-mesenchymal interaction is active and intricate during palatal fusion.
Nevertheless, our understanding of how the adjacent mesenchymal cell signals are transmitted to epithelial cells is
remarkably limited.

In the last two decades, the intercellular communication via secreted extracellular vesicles has been solidly
established.” As a subtype of extracellular vesicles, the nano-sized vesicles, exosomes (30~150 nm), are actively secreted
by the majority of cells. They are enclosed by a lipid bilayer and carry a variety of biomolecules, including proteins,
nucleic acids, lipids, and metabolites. When exosomes are taken up by other cells, these cargoes are transferred and affect
the behaviors of recipient cells.® Exosome-mediated intercellular communication is involved in multiple organogenesis,
including craniofacial ones.” During tooth formation, exosomes secreted by dental epithelial and mesenchymal cells
reciprocally evoked cell differentiation and matrix synthesis.'® Exosomal miRNAs transported from salivary mesench-
yme epigenetically regulates genes controlling salivary epithelial cell proliferation.'" Therefore, we hypothesized that
exosome-mediated cell-cell communication may also play a part in the process of palatal fusion. The present study aimed
to evaluate the effects of palatal mesenchymal cell-derived exosomes on epithelial cell behavior and to uncover the

possible mechanism underlying exosome-mediated cell-cell communication by proteomic analysis.

Materials and Methods

Animals

All animal experiments were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals at
Wuhan University and approved by the Medical Ethics Committee of the School of Stomatology at Wuhan University
(Protocol number S07919080E). Wild-type C57BL/6 mice were housed under specific-pathogen-free conditions. Mice
were mated for 12 h, and the day of the vaginal plug is considered E0.5. Embryos were obtained from timed pregnant mice.

Histology

Embryonic heads were harvested at E12.5~E14.5 and fixed in 4% paraformaldehyde (PFA) at 4°C overnight. Samples
were dehydrated in serial concentrations of ethanol, embedded in paraffin, and serially sectioned at 5 um using
a microtome (RM2255; Leica Biosystems Inc., USA).

Immunofluorescence Staining

Tissue sections were deparaffinized and boiled in EDTA Antigen Retrieval Solution (Beyotime Biotechnology, China) for
20 min in a microwave. After blocking in Quick Block (Beyotime Biotechnology) buffer for 15 min at room temperature,
slices were incubated with primary antibodies at 4°C overnight. Slides were washed three times in phosphate buffered
saline (PBS) before incubation with secondary antibodies for 1 h at room temperature. The following antibodies were
used in this study: anti-rabbit CD63 (1:200, ab217345, Abcam, UK), anti-rabbit CD81 (1:100, A5270, Abclonal, China),
anti-mouse P63 (1:100, ab735, Abcam), Anti-rabbit IgG (H+L) F(ab’)2 Fragment (Alexa Fluor 488 Conjugate, 1:400,
4412, Cell Signaling Technology/CST, USA), Anti-rabbit IgG (H+L) F(ab’)2 Fragment (Alexa Fluor 555 Conjugate,
1:400, 4413, CST), Anti-mouse IgG (H+L) F(ab’)2 Fragment (Alexa Fluor 555 Conjugate, 1:400, 4409, CST). Nuclei
were counterstained with 4',6- diamidino-2-phenylindole dihydrochloride (DAPI). Cells on coverslips were observed and
photographed using a fluorescence microscope (Leica Biosystems Inc., USA).
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Cell Cultures

The human embryonic palatal mesenchymal (HEPM) cell line was purchased from American Type Culture Collection (USA),
and cultured in Minimum Essential Medium/Earle’s Balanced Salts (MEM/EBSS) (HyClone, USA) supplemented with 10%
foetal bovine serum (FBS) (Gibco, USA) and 1% penicillin/streptomycin (PS). Human immortalized oral epithelial cells
(HIOEC) were kindly provided by Professor Huan Liu from School & Hospital of Stomatology, Wuhan University (Hubei,
China), and cultured in KGM Gold Basal Medium (Lonza, Switzerland) supplemented with KGM Gold SingleQuots (Lonza),
2% FBS and 1%PS. Cells were cultured in a humidified incubator at 37°C in an atmosphere of 5% CO,.

Exosome Isolation, Quantification, and Characterization

Exosomes were purified from cell culture supernatant of HEPM cells cultured for 48h in MEM supplemented with 10%
exosome-depleted FBS (Biological Industries, Israel). Supernatants were centrifuged at 2000 g for 30 min at 4°C to
remove dead cells and debris, followed by filtration with 0.22 pum pore filters (Merck Millipore, USA) to remove small
debris and larger vesicles. Supernatants were then concentrated using Amicon Ultra-15 Centrifugal Filter Device
(100kDa MWCO, Merck Millipore). Exosomes were precipitated using Total Exosome Isolation (TEI) (Invitrogen,
USA) reagent according to manufacturer’s instructions. Briefly, 1 mL of the concentrated supernatants was mixed with
0.5 mL of TEI solution and incubated at 4°C overnight. Samples were spun down for 1 h at 10,000 g and 4°C. The pellet
was resuspended in 100 puL of PBS and stored at —80°C before use. For exosome quantification, exosome proteins were
extracted using radioimmunoprecipitation assay (RIPA) buffer and the protein concentration was determined using the
BCA Protein Assay Kit (Pierce Biotechnology, USA). To examine exosome size distribution and particle concentration,
nanoparticle tracking analysis (NTA) was performed using a ZetaView instrument (Particle Metrix, Germany). Exosome
morphology was observed using transmission electron microscopy (TEM) (Hitachi, Japan) as previously described.'?

Exosome Labeling and Uptake

To observe the exosomal uptake by HIOECs, HEPM cell-secreted exosomes (HEPM-EXO) were labeled with BODIPY
TR ceramide fluorescence dye (Invitrogen). Briefly, 10 uM of the dye was added to 100 pL of the exosomes and the
mixture was incubated at 37°C for 20 min (protect from light). Excess unincorporated dye was removed with Exosome
Spin Columns (MW3000, Invitrogen) according to the manufacturer’s instruction. The fluorescently labeled exosomes
were added to HIOECs cultured in 24-well plate and incubated at 37°C for 2 h. Cells were fixed with 4% PFA at room
temperature for 20 min. Nuclei were counterstained with DAPI. Samples were imaged with a fluorescence microscope.

Western Blot

Total proteins of HEPM-EXO, HEPM and HIOEC lysates were extracted as described above. Proteins were loaded and
separated by SDS-PAGE gel, transferred onto polyvinylidene difluoride (PVDF) membranes (Roche, Germany) and
immunoblotted using primary antibodies against GM130 (1:1000, ab52649, Abcam), ALIX (1:1000, ab186429, Abcam),
B-ACTIN (1:5000, AC028, Abclonal), CD81 (1:1000, A5270, Abclonal), E-CADHERIN (1:1000, ab231303, Abcam),
VIMENTIN (1:2000, A19607, Abclonal), THBS1 (1:500, A2125, Abclonal) and POSTN (1:1000, A9009, Abclonal).
Membranes were incubated with HRP Goat Anti-Rabbit IgG (H+L) (1:5000, AS014, Abclonal) at room temperature for
1 h, visualized by WesternBright ECL Western Blotting HRP Substrate (K-12045-D50, Advansta, USA) and imaged by
an Odyssey CLx Imaging System (LI-COR, USA).

Cell Counting Kit-8 (CCK-8) Assay

HIOEC:s at logarithmic phase were seeded in 96-well plates. After cells attached to the wall, exosomes (40 or 400 ng/uL)
or PBS (control group) were added to HIOECs respectively and 10 puL of the CCK-8 (Dojindo Laboratories, Japan)
reagent were added to each well and incubated at 37°C for 1 h at 0, 24, 48, 72, 96, 120 and 168 h. The absorbance was
measured using a microplate reader (Synergy LX, BioTek, USA) at a wavelength of 450 nm.
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5-Ethynyl-2’-Deoxyuridine (EdU) Incorporation Assay

EdU incorporation assay was performed using the BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 555
(Beyotime Biotechnology) according to manufacturer’s instruction. After exosome stimulation, HIOECs were incubated
with 10 uM EdU reagent for 2 h and fixed with 4% PFA at room temperature for 15 min. Following incubation with
Click reaction mixture containing Click Reaction Buffer, CuSO4, Azide 555 and Click Additive Solution for 30 min at
room temperature (protect from light), cells were washed with PBS for three times. Nuclei were counterstained with
DAPI. Samples were imaged with a fluorescence microscope.

TUNEL Assay

For TUNEL analysis, the One Step TUNEL Apoptosis Assay Kit (Beyotime Biotechnology) was used according to
manufacturers’ instruction. After exosome stimulation, HIOECs were fixed with 4% PFA for 30 min, permeabilized with
0.3% Triton X-100 (in PBS) for 5 min and immersed in TUNEL reaction mixture at 37°C for 1 h in the dark. Nuclei were
counterstained with DAPI. Samples were imaged with a fluorescence microscope.

Scratch Assay

At 90~95% confluence, HIOECs were scratched using a sterile 200 pL pipette tip, washed with PBS and incubated with
exosomes (40 or 400 ng/ulL) or PBS (control group) in serum-free medium for 24h. Images of scratched areas were
captured at 0, 18 and 24 h time points. The percentage of cell migration was measured by ImageJ software (NIH).

Transwell Assay

HIOECs were seeded onto the upper chamber of the Transwell (Corning, USA) and cultured in serum-free medium. Exosomes
(40 or 400 ng/uL) or PBS (control group) were added to the lower chamber. Cells were incubated at 37°C for 16 h. Thereafter,
the non-migrated cells in the upper chamber were removed using cotton swabs. Cells that migrated below the Transwell layer
were fixed with 4% PFA for 15 min and stained with 0.1% crystal violet (G1014, Servicebio, China) at room temperature.
Cells were imaged with a light microscope (Leica) and stained areas were quantified using ImageJ software.

Four-Dimensional (4D) Label-Free Quantitative Proteomics

Proteins of HEPM-EXO and HEPM cells were extracted as described above, followed by 4D label-free quantitative
proteomic analysis (Genechem, China). Mass spectral data were analyzed using MaxQuant software version 1.6.17.0.
The cutoff of global false discovery rate (FDR) for peptide and protein identification was set to 0.01.

Statistical Analysis

All experiments were repeated at least 3 times. Statistical analyses were conducted using GraphPad Prism 9 (GraphPad
Software Inc., CA). One-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test was applied to
analyze the differences among groups. The results are presented as the mean + standard deviation (SD), and p < 0.05 was
considered statistically significant. Functional protein association network was analyzed using Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) database (http://string-db.org).

Results

Exosomes Present in Palatal Mesenchymal and Epithelial Cells During Palatal Fusion
To explore the potential effects of exosomes on palatogenesis, we first examined whether exosomes exist in palatal
mesenchymal and epithelial cells during palatal fusion. We detected the expression level of widely recognized exosome
markers, CD63 and CD81,'® by immunofluorescence staining. The basal cell layer of palatal epithelium was indicated by
P63 staining. The results showed that, from the initiation of palatogenesis (E12.5) to palatal shelf elevation (E13.5) and
fusion (E14.5), CD63 (Figure 1A) and CDS81 (Figure 1B) were continuously expressed in the palatal mesenchymal and
epithelial cells. Importantly, CD63-positive exosomes were also detected in the acellular basement membrane at E13.5
(Figure 1C), indicating that exosomes spread unidirectionally or reciprocally across the basement membrane.
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Figure | The presence of exosomes in palatal cells and basement membrane during embryonic palate development. (A) Immunofluorescence staining of CD63 (red) and
DAPI (blue) from E12.5 to EI4.5. Dotted white lines indicate the epithelial compartment of palate. (B) Immunofluorescence staining of CD8I (red) and DAPI (blue) from
E12.5 to EI4.5. Dotted white lines indicate the epithelial compartment of palate. (C) Immunofluorescence staining of CD63 (green), P63 (red) and DAPI (blue) at EI3.5.
Dotted yellow lines indicate the acellular basement membrane. Bar=20 um.

Abbreviations: P, palate; M, mandibular; T, tongue; BM, basement membrane.

Exosomes Derived from Palatal Mesenchymal Cells Can Be Internalized by Oral
Epithelial Cells

Since exosomes can diffuse through the basement membrane and might be internalized by recipient cells in vivo, we
further utilized in vitro methods to testify whether mesenchymal exosomes can be transferred to epithelial cells.
Exosomes were extracted from HEPM cell supernatant and characterized by NTA, TEM and Western blot. The NTA
results (Figure 2A) showed that a large proportion of these vesicles were approximately 55 to 130 nm in diameter
(mean = 80.7 nm), which is within the characteristic diameter range of 30 to 150 nm of exosomes. To verify that
these isolated vesicles were not non-membranous particles of a similar size, their morphology was observed using
TEM. The image (Figure 2B) showed a typical bowl-like structure with membranes and ovoid shapes. Western blot
results showed that these exosomes were not only ALIX, B-ACTIN and CD81 positive but also GM130 negative,
suggesting the absence of Golgi or cell contamination (Figure 2C). Thereafter, exosomes were labeled with
a fluorescence dye and co-cultured with HIOEC to visualize the process of exosome endocytosis. Results
(Figure 2D) showed a clear uptake of labeled exosomes by HIOEC, while the PBS control group only exhibited
limited background staining, suggesting sufficient washing to remove excess unbound dye. These results indicated
that palatal mesenchymal cell-secreted exosomes can be endocytosed by HIOEC.
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Figure 2 HEPM-EXO were internalized by HIOEC in vitro. (A) Nanoparticle tracking analysis (NTA) showed that the diameter range of exosomes derived from HEPM cells
(HEPM-EXO) was 55 to 130 nm (mean=80.7 nm). (B) The image captured by transmission electron microscopy (TEM) showed a typical bowl-like structure with membranes
and ovoid shapes. Bar=100 nm. (C) Western blot analysis showed positive expression of exosome markers (ALIX, B-ACTIN and CD81) and negative expression of GM130
in HEPM-EXO proteins. (D) Fluorescently labeled HEPM-EXO (red) were internalized by HIOEC. Bar= 20 pm.

HEPM-EXO Inhibited the Expansion but Facilitated the Migration of HIOEC

We evaluated the effects of HEPM-EXO on cell expansion, migration, apoptosis and epithelial-mesenchymal
transition (EMT) of HOIEC by integrated methods. The viability and proliferation of HIOEC were determined by
CCK8 and EdU incorporation assay, respectively. Compared with the control group, the cell viability of HIOEC
beyond exosome stimulation declined significantly with the prolongation of culture time (Figure 3A). Similarly, the
results of the EdU staining assay also showed a significantly reduction in proliferating cells in the HEPM-EXO
treatment groups (Figure 3B and C). For cell migration detection, the scratch (Figure 4A and B) and Transwell
(Figure 4C and D) assays were performed and the results both showed that HEPM-EXO significantly accelerated the
migration of HIOEC. However, no significant difference was found among the exosome treatment groups and the
PBS control group in EMT analyzed by Western blot (Figure SA and B) and in cell apoptosis measured by TUNEL
staining (Figure 5C and D). Taken together, these results suggested that HEPM-EXO contains key factors that
inhibit cell expansion but promote cell migration of HIOEC.
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Proteomic Analysis Revealed Possible Mechanism of HEPM-EXO on Cell Proliferation

and Migration
To explore the potential mechanism by which HEPM-EXO regulated cell proliferation and migration, 4D label-free

proteomic analysis of HEPM-EXO was conducted, in which the protein of HEPM cells was used as control for
comparison. As shown in Figure 6A, 1183 and 5060 proteins were identified and quantified in HEPM-EXO and
HEPM cells, respectively. 1055 proteins were found in both sets whereas 128 proteins were unique to the exosomes.
In addition, 75 of the 1183 proteins in HEPM-EXO overlapped with the top 100 proteins that are often identified in
exosomes listed in ExoCarta database (http://www.exocarta.org/),'* confirming commonly found exosome proteins from
other studies and ours. The representative exosome marker proteins with high expression level identified by mass
spectrometry in HEPM-EXO were shown in Figure 6B, including PDCD6IP (ALIX), CD9, CD63, CD81, HSP90AAI,
HSPA4, HSPAS, EGFR, ACTB and SDCBP.

Compared with HEPM cells, the expression level of 99 proteins were significantly up-regulated in HEPM-EXO,
while 627 proteins were down-regulated (Figure 6C). A visual volcanic diagram of all proteins was shown in
Figure 6D. Red dots represented highly expressed proteins in exosomes and green dots represented low expressed
proteins. In HEPM cells, the most enriched proteins were ACTG1, ACTC1, GAPDH, TUBA1C and MT2A. However,
the expression of these 5 proteins were significantly down-regulated in HEPM-EXO (Figure 6E). In contrast, the most
significantly up-regulated proteins in HEPM-EXO compared with HEPM cells were POSTN, PXDN, SVEP1, FSTL1,
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Figure 4 Exposure of HEPM-EXO significantly enhanced cell migration of HIOEC. A. Representative images of scratch assay. Bar=200 pm. B. Quantitative analysis of scratch
assay showed that treatment of HEPM-EXO significantly accelerated wound closure of HIOEC. C. Representative images of Transwell assay. Bar=100 pm D. Quantitative
analysis of Transwell assay showed that treatment of HEPM-EXO significantly facilitated migration of HIOEC. *p < 0.05. **p < 0.01.

THBS1, PTX3, NOTCH2, COL6A1, LOXL2 and IGF2R (Figure 6F). Protein-protein interaction (PPI) of these
proteins were generated by STRING database and the result uncovered a highly interconnected network. Most proteins
functioned in two or multiple pathways (Figure 6G). The expression levels of POSTN and THBS1 were further
validated by Western blot. Equal amounts of protein were used in HEPM-EXO and HEPM group. Because the
proteomic analysis showed that the expression of B-ACTIN was not significantly different between HEPM-EXO and
HEPM cells (data not shown), f-ACTIN was used as housekeeping gene in the Western blot experiment. The results of
Western blot (Figure 6H) were consistent with the proteomic analysis. The expression levels of POSTN and THBS1
were dramatically up-regulated in HEPM-EXO, while the expression level of B-ACTIN was not evidently different
between HEPM-EXO and HEPM cells.

To detect the components and functions of proteins in HEPM-EXO, we performed gene ontology (GO) analysis of all
the proteins contained in HEPM-EXO by using Blast2GO. As shown in Figure 61, the cellular components of exosome
proteins were largely assigned to extracellular space, extracellular region, collagen-containing extracellular matrix and
cytosol, which were consistent with the characteristics of exosomes. The molecular functions were mainly involved in
calcium ion binding, integrin binding, extracellular matrix structural constituent, structural constituent of cytoskeleton
and so on (Figure 6J). The result of biological process analysis was shown in Figure 6K. We noticed that the prominent
enriched biological processes were closely related to wound healing, including immune response (neutrophil degranula-
tion and platelet degranulation), Wnt signaling pathway (planar cell polarity pathway), MAPK cascade, extracellular
matrix (ECM) organization and neurogenesis (positive regulation of axon extension). These processes were highlighted
in red boxes in the figure.
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Figure 5 Exposure of HEPM-EXO exerted no significant effects on epithelial-mesenchymal transition (EMT) or apoptosis of HIOEC. (A) EMT was analyzed by Western blot.
(B) Quantitative analysis of Western blot showed that no significant effects on EMT of HIOEC was observed upon HEPM-EXO stimulation. (C) Representative images of
TUNEL staining. Bar=100 pm. (D) Quantitative analysis of TUNEL staining showed that treatment of HEPM-EXO did not influence the cell apoptosis of HIOEC.

Discussion

Acting as the “messengers” in cell-cell communications, exosomes are involved in many physical processes, including
organogenesis.'® For instance, during nephrogenesis, exposure of exosomes derived from embryonic kidney to meta-
nephric mesenchyme cells resulted in advanced cellular organization.'” In addition, treatment with human induced
pluripotent stem cell (hiPSC) derived exosomes facilitated neurogenesis by enhancing neuronal cell proliferation and
differentiation, suggesting that exosomes carry signaling components that regulate neural circuit development.'®
However, there are limited data on exosomes derived from embryonic palatal cells. Therefore, the putative role of
palatal cell secreted exosomes in palatogenesis is still unknown. Here we show for the first time that exosomes present in
palatal epithelial and mesenchymal cell from the very beginning of palatogenesis till palatal shelves meet. We were able
to isolate exosomes from HEPM cells and co-culture them with HIOEC to investigate their potency. Our results showed
that exosomes existed in the acellular base membrane in vivo, and the mesenchyme exosomes were capable of being
incorporated by oral epithelial cells in vitro, indicating the possibility of exosomal mediated epithelial-mesenchymal
crosstalk during palatal development.

The theories on mechanism underlying the degradation of MEE cells during palatal fusion are controversial. The
predominant three theories are: (I) cell apoptosis; (II) cell migration; and (III) EMT.'” The prevailing evidences
suggested a vital role of cell apoptosis.’*?! However, a very recent study combining static- and live- imaging approaches
uncovered a particular form of collective migration of epithelial cells during palatal fusion, demonstrating that cell
migration is crucial to this morphogenetic event.®” Interestingly, our results disclosed that treatment of palatal
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Figure 6 Bioinformatics analysis of proteins in HEPM-EXO. (A) Venn diagram showing the common and unique number of proteins in HEPM-EXO, HEPM cells and
ExoCarta database. Venn diagrams were generated using FunRich.'® (B) Relative expression levels of exosome markers in HEPM-EXO. (C) Numbers of differentially
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mesenchyme exosomes significantly facilitated epithelial cell migration. Thus, our study may provide a novel insight into
the mechanism on the regulation of epithelial cell migration as well as cell-cell interactions during tissue fusion.

Over the past few years, exosomes have been studied mainly as biomarkers in the process of palatal physiology and
pathology. Jia et al discovered that PIWI-interacting RNAs (piRNAs) in plasma exosomes from pregnant women acted as
potential non-invasive prenatal biomarkers for the early diagnosis of nonsyndromic cleft lip and palate (nsCLP) before
the defects could be screened using ultrasound inspection.”® The team later identified let-7 cluster miRNAs in plasma
exosomes as promising prenatal biomarkers for nsCLP.>* However, our study was the first to uncover the influence of
exosomes in cell-cell communication during palate development and may provide new evidence for the involvement of

exosomes in organogenesis.
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In this study, we analyzed the proteins encapsulated in HEPM-EXO and HEPM cells by 4D label-free quantitative
proteomics to reveal the overall and distinctive functions of HEPM-EXO. Our results exhibited massive differences between
exosomal and cellular proteins, which may be the reason why HEPM-EXO and HEPM cells functioned dissimilarly. The top
10 proteins which were significantly up-regulated in HEPM-EXO showed a high intercorrelation and were reported to be
associated with cell growth, cell communication and signal transduction.”>>* HEPM-EXO may rely on some of these
proteins to regulate the proliferation and migration of HIOEC. Among these proteins, THBS1 was frequently associated with
exosomal regulation of cell migration. Xiao et al showed that oral squamous cell carcinoma (OSCC) cells-derived exosomal
THBSI1 participated in macrophage polarization to an M1-like phenotype through p38, Akt, and SAPK/INK signaling,
ultimately fostering the migration of OSCC cells.*>” Likewise, Patwardhan et al showed that THBS1 in extracellular matrix
(ECM) stiffness-tuned exosomes was identified as a pivotal regulator that provokes ECM stiffness-dependent breast cancer
motility.*® However, Liao et al showed that canine endothelial colony-forming cells (ECFC)-derived exosomal THBSI
negatively regulated the migration of Human umbilical vein endothelial cells (HUVECS) via the PI3K/AKT/ERK pathway.?’
Altogether, exosomal THBS1 may regulate cell migration in a cell/tissue context-specific manner. However, in our study,
whether HEPM-EXO fostered epithelial cell migration through THBS1 regulation requires further verification.

In the results of our GO analysis of HEPM-EXO, some of the most enriched biological processes were indirectly
involved in cell proliferation and migration. Besides, we surprisingly observed that the prominent enriched biological
processes were closely associated with wound healing, which is a highly sequential process involving a series of
temporally overlapping events, including hemostasis, inflammation, proliferation, and tissue remodeling.*® At present,
multiple clinically conventional approaches, such as negative pressure suction and autologous skin grafts, are applied to
facilitate wound healing, but all have certain benefits and drawbacks.>**! Recently, exosomes derived from mesench-
ymal stem cells (MSCs) are increasingly discovered to be potent to accelerate wound healing. Compared to MSCs, MSC-
derived exosomes possess lower immunogenicity, easy storage, and highly effective biological activity.** Considering
that in our study, HEPM-EXO substantially enhanced cell migration and contained proteins related to multiple wound
healing processes, we assumed that HEPM-EXO might be potential to promote wound healing. However, the biological
superiority of HEPM-EXO over other MSC-derived exosomes needs to be further evaluated in detail.

Conclusion

In this study, we show for the first time the presence of exosomes in palatal epithelial and mesenchymal cells during
embryonic palate development. Our results give a first insight into the role of HEPM-EXO for cell-cell communication
during palatal fusion and provide new evidence for the involvement of exosomes in organogenesis. These exosomes
carry proteins that are critical for wound healing processes. Hopefully with further research, HEPM-EXO may be
a potential therapeutic opportunity for wound healing.
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